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3.1 (a) Schematic of an AFM experiment, and a 100100 nm2 topographic
AFM image of the Au(111) surface showing large terraces separated by
monatomic steps. Inset above: TEM (Transmission Electron Microscopy)
image of the Pt-coated probe. (b) Snapshot of an atomistic tip/substrate
model. (c) Lateral force image on Au(111). Inset: Fourier low-pass ltered
image. (d) Top view of the model Au(111) substrate. White arrows in (c)
and (d) denote the fast scanning direction. Scale bars are 1 nm. (e,f) The
experimental (e) and simulated (f) lateral force along the black horizontal
line shown in (c) and (d) respectively. The simulation and experimental
results are obtained under optimally matched conditions: materials P-
t/Au(111), incommensurate orientation, eective stiness 6 N/s, contact
area 7.3 nm2, normal load 0.6 nN, and temperature 293 K. Only sliding
speeds dier signicantly: 149 nm/s in experiment and 1 m/s in simula-
tion. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 46
3.2 Friction from a Pt tip sliding on the (a) Au(100) and (b) Au(111) surfaces
from MD simulation. In (a) the Pt tip is worn o almost immediately due
to junction formation and no stable friction pattern observed while in (b) a
stable bimetallic interface forms and regular stick-slip friction arises. Note
that the scales of the y-axes dier in the two plots. Simulation parameters:
EAM potential, load 0 nN, temperature 10 K, speed 1 m/s, contact area
1.2 nm2 (aligned). : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 54
3.3 MD simulation of mean friction as a function of rotation angle between
Pt(111) tip and Au(111) substrate. Due to the similar lattice constants
(aPt = 0:3920 nm and aAu = 0:408 nm) and FCC structure of both mate-
rials, high friction arises at aligned contact and low friction at misaligned
contact. Inset: representative friction traces at aligned and misaligned
contact where S is the position of the support. Simulation parameters:
EAM potential, load 0 nN, temperature 10 K, speed 1 m/s, contact area
7.3 nm2. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 57
3.4 Upper images: Atomic distribution in the buried interface (top) where the
silver dots are substrate atoms and the red dots are tip atoms. The relative
rotation of the surfaces forms superstructures called Moire patterns. Lower
images: Shear stress (color scale in units of bar  A3) distribution of the
atoms in the lowermost layer of the tip. Atom and stress distributions
shown at relative rotation angles of (a) 0, (b) 15, and (c) 30. Simulation
parameters: EAM potential, load 0 nN, temperature 10 K, speed 1 m/s,
contact area 7.3 nm2. : : : : : : : : : : : : : : : : : : : : : : : : : : : : 58
3.5 A representative plot of lateral force (friction) vs. displacement; the linear














3.6 Schematic illustration of the elastic contact between spherical bodies used
to derive an expression for stiness in the framework of contact mechanics.
Variables are dened in the text. : : : : : : : : : : : : : : : : : : : : : 64
3.7 Illustration of an MD simulation with compliance introduced through three
harmonic springs (kx, ky, and kz) connected to the top layers of the tip
apex. Along the x-direction, the support moves at contact speed to drag
the tip apex to slide against the substrate. : : : : : : : : : : : : : : : : 66
3.8 Illustration of dierent views of the interaction between an AFM tip and
substrate. Continuum mechanics assumes the tip and substrate are homo-
geneous elastic materials so that contact area can be determined from the
geometry and elastic properties. On the other hand, the atomic view takes
individual atoms into consideration and the denition of contact becomes
more complicated and depends on many more factors. : : : : : : : : : : 70
3.9 MD simulation of mean friction as a function of normal load. Inset are
illustrations of atomistic congurations during sliding at N=10nN (left)
and N=17.5nN (right). : : : : : : : : : : : : : : : : : : : : : : : : : : : 72
3.10 Friction as a function of contact area at dierent orientation angles be-
tween Pt(111)/Au(111) measured by MD simulation; 0 corresponds to
perfectly aligned contact. : : : : : : : : : : : : : : : : : : : : : : : : : : 76
3.11 Illustrations of (a) an AFM cantilever pulling the tip to slide over a sub-
strate and (b) the corresponding Prandtl-Tomlinson (PT) model in which
the AFM system is reduced to a mass-spring system. In the PT model, the
model tip is conned within the potential well and hops over the energy
barrier with the assistance of thermal activation. : : : : : : : : : : : : : 80
3.12 (a) Temperature of the contact interface varying with sliding distance from
an MD simulation with Pt(tip)/Au(substrate) system. The initial temper-
ature of the simulation is 300 K. Once sliding begins, the average temper-
ature increases with distance if there is no thermostat to remove thermal
energy from the system (solid line) but uctuates about the prescribed
temperature if the Nose Hoover thermostat is applied (dashed line). (b)
Mean friction as a function of temperature from an MD simulation of
atomic friction between a Pt(tip) and Au(substrate). Inset is a schematic
illustrating a thermostat being applied to atoms away from the contact in
a simulation of atomic friction. Simulation parameters: EAM potential,














3.13 (a) Schematic of hyperdynamics. The potential is modied by adding
a positive bias V (r) to increase the transition rate. (b) Schematic of
parallel replica dynamics. The original system is replicated to help nd
the transition path. : : : : : : : : : : : : : : : : : : : : : : : : : : : : 94
3.14 (a) Relative friction variation (variation divided by mean friction) predict-
ed using parallel replica dynamics when run on 128 replicas vs. 64 replicas
(circles and insets) and the expected relative variation due to MD simula-
tion noise (solid line). (b) Mean friction as a function of sliding velocity
measured between Cu(111)/Cu(111) interface: squares represent ParRep
simulation and the solid line is a logarithmic t to that data. Simulation
parameters: EAM potential, load 0 nN, temperature 300 K, contact area
1.3 nm2 (aligned). : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 95
4.1 Heuristic representation of the parallel replica dynamics (ParRep) method
in which the atomic stick-slip simulation is run parallel in time across mul-
tiple processors. Circles represent atomic positions: red - substrate, solid
blue - tip at current time, dashed line - tip at previous time. Note that this
illustration does not include the critical ParRep phases of minimization,
dephasing, and decorrelation which are described in the text. : : : : : : 101
4.2 Mean friction measured by AFM (squares) for speeds between 1 and 1000
nm/s, and predicted via ParRep MD simulation (triangles) for speeds
between 0.005 m/s to 2 m/s between Pt/Au(111). The dashed curve
and dotted curve are tted with thermal activation model (Eq. 3.8) for
experimental and simulation data respectively. All other parameters from
materials, orientation, eective stiness, contact area, normal load and
temperature between AFM and MD are optimally matched based on the
methods introduced in previous section. : : : : : : : : : : : : : : : : : 105
4.3 AFM lateral force images of a reconstructed Au (111) surface at (a) a
50 nm scan size, (b) a 20 nm scan size. (c) A schematic of the Au(111)
herringbone reconstruction showing two domains with dierent atomic
stacking (FCC and HCP). Scan directions are from left to right in (a) and
(b). The dotted lines are drawn to highlight the pattern of the friction














4.4 (a) Line proles showing both the raw experimental and the low-pass
ltered lateral force signal (trace direction). (b,c) The low-pass ltered
data for: (b) trace and retrace signals, and (c) centerline and half dierence
(friction) of the trace and retrace signals. (d,e) Low-pass ltered AFM
lateral force images highlighting the centerline modulation eect: ( d)
trace (left to right), and (e) retrace (right to left). The contrast is clearly
in phase, showing that the variations are primarily due to local centerline
modulation, not varying friction. : : : : : : : : : : : : : : : : : : : : : 110
4.5 (a) The simulation model of a Pt tip sliding over a gold substrate. (b) A
schematic showing the atomic conguration of the reconstructed Au(111)
surface: yellow spheres represent the atoms from the top layer and blue
spheres represent those from the second layer. Yellow spheres on the left-
hand-side sit on FCC sites (ABC stacking) and they gradually shift to HCP
sites (ABA stacking) in the middle region, and then they gradually shift
back to FCC sites on the right-hand-side region. The upper line prole
shows the height variation (rumpling) of the reconstructed surface. : : 112
4.6 (a) Lateral force vs. lateral displacement curves obtained from simulation
on the reconstructed Au(111) surface with relatively compliant loading
springs: black curve for raw data, red curve for low-passed ltered data.
(b) The low-pass ltered lateral force signal for trace (red dashed curve)
and retrace (blue dash-dot curve). (c) The ltered centerline modulation
(green dashed curve) and friction (orange dash-dot curve) curves are also
plotted side-by-side with the surface height prole (black solid curve). (d)
The potential energy relative to its mean value (blue circles) is plotted
side-by-side with the surface height prole (black solid curve). : : : : : 115
4.7 (a) Lateral force vs. lateral displacement curves obtained from simulation
on a modied reconstructed surface that is atomically at, i.e., where the
height rumpling is deliberately suppressed with compliant loading springs:
black curve for raw data, red curve for low-passed ltered data. (b) The
low-pass ltered lateral force signal for trace (red dashed curve) and re-
trace (blue dash-dot curve). (c) The ltered centerline modulation (green
dashed curve) and friction (orange dash-dot curve) curves are also plotted
side-by-side with the surface height prole (black dash-dot curve). : : : 116
4.8 Snapshot of the molecular dynamics simulation in which a model tip slides
from left to right, or in the step-up direction, over a graphite substrate.
The stiness of the cantilever is mimicked by a harmonic spring with lateral
stiness Kl through which the support, moving with constant speed v,
pulls the tip along the substrate. A close-up of the zigzag step edge is














4.9 (a) A typical lateral force prole obtained from MD simulation with a
hemispherical tip radius of 4 nm at an applied load of 0 nN. A peak in the
lateral force whose width is identied by w is observed at a sliding distance
of approximately 3.5 nm. The inset illustrates the tip's trajectory over
the surface with a geometric drawing showing the relationship between
the tip, the peak width w, and the height h of the graphite step. (b) A
representative lateral force prole from an AFM experiment where the tip
slides in the step up direction acquired at an applied load of 2 nN. Similar
to the result from MD simulation, the width of the lateral force peak at
the step is identied by w. : : : : : : : : : : : : : : : : : : : : : : : : : 122
4.10 Simulation-predicted width of the lateral force peak as a function of tip
radius. A snapshot of a hemispherical tip with a radius of R = 4 nm
is shown in the inset. Measurements of the peak width shown here are
acquired at an applied load of 0 nN and using free boundary conditions in
the y-direction. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 123
4.11 Experimentally-measured friction peak width as a function of tip radius.
Post-mortem TEM images of the tips used in each width measurement
are shown in the insets of the gure. All tips were used in the UHV-AFM
system except for the smallest tip, which was used in the environmen-
tal system. Measurements were acquired in contact mode at a constant
applied load of 2.00.5 nN. : : : : : : : : : : : : : : : : : : : : : : : : 123
4.12 Results from MD simulations showing lateral force peak width for a 2 nm
radius tip versus an increasing degree of truncation. The truncation is
illustrated geometrically by the schematic in the upper-left inset. In the
bottom right inset, three representative lateral force traces are given to
graphically show the change in lateral force prole with increasing trunca-
tion. All measurements shown in this gure were acquired at an applied
load of 0 nN with xed boundary conditions. : : : : : : : : : : : : : : : 125
4.13 Measurement of step width variation with sliding distance measured in the
environmental AFM. The initial tip radius was 19 nm based on blind tip
reconstruction (BTR) conducted on a Nioprobe surface using the BTR
function of SPIP (Image Metrology Inc. Denmark). The normal load was
0.9 nN throughout the tip wear measurement : : : : : : : : : : : : : : 126
4.14 Snapshot of a model truncated tip (R = 3 nm, T = 0.4 nm) sliding up
the graphite step with free boundary conditions in the y-direction. We
observed signicant compression of the step before the tip slips forward
over the step edge. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 128
5.1 Illustration of the local minima xa and saddle point xb at support position














5.2 Comparison of the energy barrier obtained by numerical solution (trian-
gles) to predictions of the analytical model with  given by Riedo et al. [30]
(dotted line), reported by Furlong et al. [10] (dashed line), and tted to
the analytical equation using the numerical data (solid line). : : : : : 140
5.3 Comparison of the analytical expression for the variation of attempt fre-
quency with friction (Eq. 5.17) to numerical data for a sinusoidal corru-
gation potential. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 142
5.4 Average friction as a function of temperature at dierent sliding velocities.
Fv(T ) is relation with variable attempt frequency and Fc(T ) is the relation
with constant attempt frequency. : : : : : : : : : : : : : : : : : : : : : 145
5.5 (a). schematic for the potentials wells available in atomic friction system.
(b).Illustration for an Atomic Force Microscopy system where a nano tip
mounted to a micro cantilever slides against the substrate. : : : : : : : 146
5.6 Illustration of two-spring, two-mass Tomlinson model. The support moves
at a constant velocity v to drag the cantilever and tip slides on the sub-
strate. kt and kc are the tip and cantilever stiness, respectively. : : : : 149
5.7 Prefactor as a function of support displacement (S) demonstrating the
eect of cantilever (a) and tip apex (b) masses. Other parameters used
in the calculations are the magnitude of the corrugation U0 = 1:7eV , the
cantilever stiness kc = 10N=m, and the tip apex stiness kt = 1N=m.
the cantilever mass mc = 10
 12kg is applied in (b) and the tip apex mass
mt = 10
 21kg is used in (a). : : : : : : : : : : : : : : : : : : : : : : : : 150
5.8 Variation of average friction with velocity and temperature with consid-
eration of both thermal and instrument noise. Inset depicts the average
friction as a function of temperature at dierent velocities. : : : : : : 153
5.9 (a). Numerical result of maximum friction as a function of sliding velocity
and temperature with only thermal noise considered. (b). Numerical
result of maximum friction as a function of velocity and temperature with
both thermal noise and instrumental noise considered. : : : : : : : : : 155
5.10 Velocity dependence of atomic maximum friction with both thermal and
instrumental noise at dierent temperatures. A transition point exists at
the velocity dependence curve as indicated by an arrow. : : : : : : : : 156
5.11 barrier (red continuous line) and attempt frequency for slip (blue dotted
line) between two adjacent local minima as a function of support position.
Inset: Geometric average of the vibration frequencies (red continuous line)
and deection of the tip (blue dotted line) for one minima state as a














5.12 Average friction force as a function of velocity and temperature. Red
surface: kinetic model; blue symbols and dotted line: atomistic parallel
replica dynamic simulations. : : : : : : : : : : : : : : : : : : : : : : : : 158
5.13 Experimental data of tip radius as a function of sliding distance obtained
from AFM measurement where a silicon tip with oxidized tip end slides
against a copper substrate at normal load Fn = 100nN . The tting equa-
tion 5.43 is from Archard's wear model. The initial tip radius R0 = 33nm
and the constant k = 1:02  10 5m2=3N 1=3. Data from Prof. Sriram
Sundararajan's group at IOWA state university. : : : : : : : : : : : : : 162
5.14 Right side is illustration of the conical tip. The big circle with radius R is
the tip end after wear and R0 is the initial tip end. On the left side is the
schematics of top view of contact area. a is the contact area. The total
number of atoms at contact Nc =
a2
As
, where As is the area occupied by a
single atom. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 162
5.15 The experimental data is tted to Eq.5.52. The only free parameter is
Va.  = 0:2 and Va = Vprimitivecell=2. : : : : : : : : : : : : : : : : : : : 164
5.16 The value E
0
kBT
as a function of sliding distance, where the energy barrier














Yalin, Dong Ph.D., Purdue University, August 2013. Physically Representative
Atomistic Modeling of Atomic-scale Friction. Major Professor: Ashlie Martini,
School of Mechanical Engineering.
Nanotribology is a research eld to study friction, adhesion, wear and lubrica-
tion occurred between two sliding interfaces at nano scale. This study is motivated
by the demanding need of miniaturization mechanical components in Micro Electro
Mechanical Systems (MEMS), improvement of durability in magnetic storage system,
and other industrial applications. Overcoming tribological failure and nding ways to
control friction at small scale have become keys to commercialize MEMS with sliding
components as well as to stimulate the technological innovation associated with the
development of MEMS. In addition to the industrial applications, such research is also
scientically fascinating because it opens a door to understand macroscopic friction
from the most bottom atomic level, and therefore serves as a bridge between science
and engineering. This thesis focuses on solid/solid atomic friction and its associated
energy dissipation through theoretical analysis, atomistic simulation, transition state
theory, and close collaboration with experimentalists.
Reduced-order models have many advantages for its simplication and capacity
to simulating long-time event. We will apply Prandtl-Tomlinson models and their
extensions to interpret dry atomic-scale friction. We begin with the fundamental
equations and build on them step-by-step from the simple quasistatic one-spring, one-
mass model for predicting transitions between friction regimes to the two-dimensional
and multi-atom models for describing the eect of contact area. Theoretical analysis,
numerical implementation, and predicted physical phenomena are all discussed. In
the process, we demonstrate the signicant potential for this approach to yield new













Atomistic modeling can never be overemphasized in the investigation of atomic
friction, in which each single atom could play a signicant role, but is hard to be
captured experimentally. In atomic friction, the interesting physical process is buried
between the two contact interfaces, thus makes a direct measurement more dicult.
Atomistic simulation is able to simulate the process with the dynamic information
of each single atom, and therefore provides valuable interpretations for experiments.
In this, we will systematically to apply Molecular Dynamics (MD) simulation to
optimally model the Atomic Force Microscopy (AFM) measurement of atomic friction.
Furthermore, we also employed molecular dynamics simulation to correlate the atomic
dynamics with the friction behavior observed in experiments. For instance, ParRep
dynamics (an accelerated molecular dynamic technique) is introduced to investigate
velocity dependence of atomic friction; we also employ MD simulation to "see" how
the reconstruction of gold surface modulates the friction, and the friction enhancement
mechanism at a graphite step edge.
Atomic stick-slip friction can be treated as a rate process. Instead of running a
direction simulation of the process, we can apply transition state theory to predict its
property. We will have a rigorous derivation of velocity and temperature dependence
of friction based on the Prandtl-Tomlinson model as well as transition theory. A
more accurate relation to prediction velocity and temperature dependence is obtained.
Furthermore, we have included instrumental noise inherent in AFM measurement to
interpret two discoveries in experiments, suppression of friction at low temperature
and the attempt frequency discrepancy between AFM measurement and theoretical













The Amontons' law developed 300 years ago describes the friction force at the macro-
scopic level in an empirical way, F = L, in which the friction force F is linearly
dependent on the load L, but independent of the contact area Am. With the de-
velopment of new technology and surface science, people have begun to realize that
surfaces at the macroscopic level and even at microscopic level are rough. With the
help of STM (Scanning Tunnel Microscope) and AFM (Atomic Force Microscope),
the topography of surfaces can be visualized. Now it is well known that the real con-
tact area Areal is much smaller and the apparent contact area is constituted by many
microscale or nanoscale junctions which are called asperities. It has been proposed
that fundamental insight into frictional phenomena might be gained by studying sin-
gle asperity friction, where a single asperity is considered to be the basic element of
friction on any length scale. The small size scale of a single asperity means that in-
dividual atoms may play a role in resisting motion, so single asperity friction is often
called atomic-scale friction [1]. In single asperity friction, the friction coecient and
wear rate which are the focus of macroscopic tribology are no longer enough to de-
scribe the friction property an nanoscale; many more parameters, like crystallography,
orientation, sliding direction, the chemical environment, temperature, sliding speed
and so on get involved to collectively determine the friction behavior [2]. From the
perspective of engineering, with the development of nanotechology and the demand
of miniaturizing devices in MEMS/NEMS systems, there is an urgency to understand
and control the friction at nanoscale. Due to the strong adhesion and wear at the
nano and micro scales, there is still no commercialized sliding mechanical component
in MEMS and NEMS systems. People are expecting to nd ways to control friction
at the nano scale by gaining fundamental understanding of single-asperity friction.
 
 
 
 
 
 
 
PR
EV
IE
W
